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Abstract
The latest measurements of the production of W or Z boson in association with jets by the ATLAS detector are
reported. A data-set of proton-proton collisions corresponding to an integrated luminosity of approximately 4.6 fb−1
have been analysed, and new results of W boson + jet production, the ratio of W to Z boson + jet production, W boson
+ charm, and Z boson + b-jet production are described. Extensive comparisons from the latest theoretical calculations
are also included.
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1. Introduction
The electron and muon decay modes of the W and Z
boson give clear experimental signatures in the high oc-
cupancy environment of hadron collisions. They there-
fore make ideal tools with which to probe the underly-
ing hadronic interaction. The production of jets in ad-
dition to the W or Z boson can lead to complex, multi-
object ﬁnal states which are not only diﬃcult to calcu-
late in QCD, but also act as a dominant background in
many other analyses. Studying such events therefore
tests our understanding of fundamental physics, but also
increases our sensitivity to studies and searches for rare
or new phenomena.
To obtain the best description of multi-jet ﬁnal
states, explicit matrix element calculations are required,
evolved to particle level by interfacing to parton shower
event generators. In order to obtain a complete sam-
ple, these matrix element calculations with diﬀerent jet
multiplicities must be merged; this merging can intro-
duce overlaps between conﬁgurations generated by dif-
ferent ME+PS samples. Methods for dealing with these
overlaps, such as MLM [1] and CKKW [2] have been
available for some time. Moving to next-to-leading or-
der matrix element calculations, additional complica-
tions appear in the matching and merging of samples,
and a range of new techniques are under development
to deal with this. Comparisons to precise measurements
will determine which techniques gives the most accu-
rate description of data, or highlight where more tuning
is needed.
For the production of heavy ﬂavour, studying
W+charm production bongs sensitivity to another area:
PDFs, particularly the strange content of the proton. In
b production, the mass of the b-quark adds further com-
plications. Production of b can be handled in PDFs
(5 ﬂavour scheme) or in the matrix element (4 ﬂavour
scheme), with a diﬀerent treatment of the b mass in each
case. Calculations in the 4 ﬂavour scheme are also more
complex to match and merge, while still covering the
full kinematic phase space.
This note summarises recent measurements of V+jet
production by the ATLAS experiment [3] at the Large
Hadron Collider (LHC). The measurements are made
using a sample of proton-proton collisions at a centre
of mass energy of
√
s = 7 TeV, corresponding to a lu-
minosity of just under 5 fb−1. The new results include
diﬀerential cross sections in W+jet production, the ratio
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of W to Z+jet production, W+charm, and Z + b(b).
2. W+jets
A new measurement of W+jet production was pre-
sented [4]. A sample of W+jet events are selected by
requiring an electron or muon with pT> 25 GeV, and
|η| < 2.5. To reconstruct the neutrino, missing trans-
verse energy above 30 GeV is required. Jets are recon-
structed using the anti-kt algorithm [5], with a distance
parameter R = 0.4. The dominant backgrounds come
from multijet production giving rise to a fake lepton sig-
nature in the detector, and, at higher jet multiplicities,
top pair production. These backgrounds are estimated
using data-driven techniques, and smaller backgrounds
(single-top, Z boson, and diboson production) are esti-
mated using simulation. The variation of backgrounds
with jet multiplicity can be seen in Fig. 1. The back-
ground subtracted data are corrected to the particle level
using a Bayesian unfolding technique [6], and particle
level ﬁducial cross sections are presented.
The large sample is used to study numerous kine-
matic variables, including multiplicities up to 7 jets,
and jet transverse momenta up to 1 TeV. The W cross
section is measured diﬀerential in jet pT and rapidity
for the leading, second, third and fourth jet; Δφ(jet,jet),
Δy(jet,jet) and ΔR(jet,jet), the invariant mass for the
leading and second jets, and HT , the scalar sum of
transverse energies of all particles in the ﬁducial re-
gion in the event. Figure 1 shows the leading jet pT ,
while Figure 2 shows the HT and Δφ(jet,jet) distribu-
tions. Comparisons are made using a merged sam-
ple of NLO matrix elements produced with BLACK-
HAT+SHERPA [7, 8, 9]; an approximate NNLO sam-
ple produced with LoopSim [10]; merged samples using
LO matrix elements produced with ALPGEN [11] and
SHERPA [12]; and MEPS@NLO [13] a merged sample
using NLO matrix elements calculated in SHERPA. In
observables with at least two jets, comparisons are also
made using HEJ [14, 15], an approximate all-orders cal-
culation which becomes exact for very well separated
jets. BLACKHAT, HEJ and MEPS@NLO are shown
with uncertainty based on the choice of scale, and PDF.
In general, a good description of the data is obtained
from all theoretical predictions, though with some room
for further ﬁne tuning in each.
3. R+jets
A more precise measurement can be obtained by tak-
ing the ratio R = σ(W + jets)/σ(Z + jets). Due to the
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Figure 1: 1(a): composition at detector level of the sample of events
passing the W+jet selection criteria, as a function of jet multiplic-
ity [4]. 1(b): cross section diﬀerential in the leading jet transverse
momentum [4].
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Figure 2: W+jet cross section measurements [4], diﬀerential in HT
(2(a)) and diﬀerential in Δφ(jet,jet) (2(b)).
similarity in detector signatures, there is signiﬁcant can-
cellation of experimental systematic uncertainties when
taking this ratio. There is also a cancellation of un-
certainties in calculations of R, due to the similarity of
contributing processes in W and Z production. The ra-
tio itself is sensitive to diﬀerences in jet production in
W and Z events, which are driven by the mass diﬀer-
ence between the bosons, and diﬀerent quark-gluon and
quark-antiquark initial states involved in W and Z boson
production. At high energies, the mass diﬀerence be-
comes less signiﬁcant, and the ratio is sensitive to any
new physics contributions preferentially producing W
or Z boson signatures.
In the latest measurement from ATLAS [16], the ratio
R is measured as a function of the number of jets (up to
≥ 4), the nth jet pT and rapidity, S T (the scalar sum of
jet transverse momenta), ΔR(jet, jet) and Δφ(jet, jet) and
dijet invariant mass. Figure 3 shows R as a function of
S T , and leading jet rapidity. Comparisons are made us-
ing BLACKHAT+SHERPA, ALPGEN+HERWIG, and
SHERPA. In general the description of the data is good,
though there is evidence for a slope in jet rapidity in the
ratio of ALPGEN to data.
4. W+charm
The production of a W boson and single jet contain-
ing charm is dominated by the leading order process of
W boson radiation from a strange quark. Measurements
of W+charm at the LHC are therefore sensitive to the
strange PDF at momentum fractions x ≈ 0.01, and al-
low tests of the impact of the strange mass on the SU(3)
ﬂavour symmetry of QCD.
A new measurement of W+charm production from
ATLAS [17] uses 6 channels: W± + c-jet, W± + D,
W± + D∗. For the W + c channel, jets containing charm
are “tagged” by reconstructing a muon from the semi-
leptonic decay of a charmed hadron. The other chan-
nels reconstruct D hadrons, or pions from the decay
D∗ → Dπ, based on track information. All channels
rely on the charge anti-correlation between the lepton
from the W boson decay and the muon in the charm jet
or the D hadron. As most backgrounds are symmetric
in charge conﬁgurations, the same-sign (SS) events are
subtracted from the opposite-sign (OS), giving a sample
greatly enhanced in signal. From this sample, inclusive
and diﬀerential cross sections are extracted.
Figure 4 shows the inclusive W + c-jet OS-SS
cross section, with comparisons from a NLO pre-
diction obtained using aMC@NLO [18] interfaced to
the CT10 [19], MSTW2008 [20], HERAPDF1.5 [21],
ATLAS-epWZ12 [22], and NNPDF2.3coll [23] PDF
G. Hesketh / Nuclear and Particle Physics Proceedings 273–275 (2016) 2040–20452042
)
T
/d
S
2j≥
Z
+
σ
)/
(d
T
/d
S
2j≥
W
+
σ
)(
d
2j≥
(1
/R
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
ATLAS Preliminary
 jets, R=0.4,tanti-k
| < 4.4
j
 > 30 GeV, |yj
T
p
 2 jet≥))+-l+ l→))/(Z(ν l→(W(
-1=7 TeV, 4.6 fbsData,
+SHERPAATHLACKB
ALPGEN+HERWIG
SHERPA
N
LO
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 +SHERPAATHLACKB
M
C
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 ALPGEN
 [GeV]TS
100 200 300 400 500 600 700 800 900 1000
M
C
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 SHERPA
(a)
)j
/d
y
1j≥
Z
+
σ
)/
(d
j
/d
y
1j≥
W
+
σ
)(
d
1j≥
(1
/R
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
ATLAS Preliminary
 jets, R=0.4,tanti-k
| < 4.4
j
 > 30 GeV, |yj
T
p
 1 jet≥))+-l+ l→))/(Z(ν l→(W(
-1=7 TeV, 4.6 fbsData,
+SHERPAATHLACKB
ALPGEN+HERWIG
SHERPA
N
LO
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 +SHERPAATHLACKB
M
C
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 ALPGEN
| (leading jet)
j
|y
0 0.5 1 1.5 2 2.5 3 3.5 4
M
C
 / 
D
at
a
0.8
0.9
1
1.1
1.2
1.3 SHERPA
(b)
Figure 3: The ratio R [16] as a function of S T (3(a)) and leading jet
rapidity (3(b))
sets. The best description of the data is obtained us-
ing PDF sets which assume the strange sea distribution
is symmetric. Also shown is the ratio of strange to down
sea-quark distributions, rs = 0.5(s+ s¯)/d¯, as found in the
HERAPDF1.5 PDF set, the ATLAS-epWZ12 PDF set,
and as obtained in an updated HERAPDF ﬁt using the
W+charm data. It can be seen that the new results pre-
fer a value of rs up towards unity, implying a symmetric
sea.
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Figure 4: 4(a): The W+c-jet cross section compared to theoretical
predictions using diﬀerent PDFs [17]. 4(b): Ratio of the strange to
down sea-quark distributions in HERAPDF1.5 PDF, compared to the
ratio obtained from the ﬁt including the ATLAS W + c-jet/WD(∗) data
and the ratio obtained from the ATLAS-epWZ12 PDF set [17].
5. Z + b(b)
A new measurement of Z+b-jets was also presented,
including inclusive and diﬀerential cross sections for
Z+ ≥ 1b-jet and Z+ ≥ 2b-jets [24]. The modelling
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of these ﬁnal states can be achieved using diﬀerent ap-
proaches, with either a b PDF in the proton (5-ﬂavour
scheme) or not (4-ﬂavour scheme), which also diﬀer in
the treatment of the b mass, and require diﬀerent match-
ing criteria in combined ME+PS samples. The kine-
matics of the b-jet and Z boson provide a test of these
theoretical predictions.
Figure 5 shows the inclusive cross sections, with
comparisons from MCFM [25, 26], a parton level pre-
diction with non-perturbative corrections derived us-
ing SHERPA; 4-ﬂavour and 5-ﬂavour predictions from
aMC@NLO [27]; and ALPGEN and SHERPA LO
multi-leg predictions. The best description of the data is
obtained from MCFM, while the 4-ﬂavour and 5-ﬂavour
aMC@NLO predictions show diﬀerent levels of agree-
ment in the Z+ ≥ 1b-jet and Z+ ≥ 2b-jet cases.
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Figure 5: The inclusive ﬁducial cross section for 5(a) Z+ ≥ 1b-jet [24]
and 5(b) Z+ ≥ 2b-jets [24].
A number of diﬀerential cross sections testing a range
of kinematic variables are also measured, including the
b-jet pT and rapidity, the ΔR, Δφ, Δy and yboost of the Z
and any b-jets, the Z pT and rapidity in events contain-
ing ≥ 1 an ≥ 2 b-jets, and the invariant mass of the two
leading b-jets in any event. To test for possible sensitiv-
ity to the b PDF, the cross section for Z+ ≥ 1b-jet pro-
duction, diﬀerential in Z rapidity, is shown in Figure 6.
Predictions using diﬀerent PDF sets are compared to the
data, and while the uncertainty on the theoretical predic-
tions is dominated by the scale uncertainty, a clear trend
is visible in the ratio indicating these data may be used
in future PDF ﬁts.
Figure 6 also shows the cross section for Z+ ≥ 2b-
jet events, diﬀerential in ΔR(b-jet, b-jet). The shape of
the data is generally described well by the theoretical
predictions, though there is some indication of a dis-
agreement at low ΔR, a region dominated by g → bb, a
process of particular interest as a source of background
events to Higgs decays to b-quarks.
6. Conclusions
The production of W or Z bosons in association with
jets are basic physics signals at the LHC, and make
an excellent test signal for our understanding of fun-
damental physics, and our ability to model complex ﬁ-
nal states. These signals also frequently form the back-
ground to other analyses for new or rare signals like the
Higgs boson, where improving the modelling is crucial.
The latest results from ATLAS continue to push forward
with new levels of precision, reaching into new kine-
matic regimes, and exploring new variables. While the
general description by theory are good, there are areas
for further tuning in all of the analyses shown.
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